Characterization of liquid-liquid equilibrium (LLE) in system containing ionic liquids (ILs) is important in evaluating ILs as candidates for replacing traditional extraction and separation solvents. Though an increasing amount of experimental LLE data is becoming available, comprehensive coverage of ternary liquid-phase behavior via experimental observation is impossible. Therefore, it is important to model the LLE of mixtures containing ILs.
Introduction
An expanding field of research involves a class of tunable solvents known as room temperature ionic liquids (ILs). ILs are generally defined as organic salts with melting temperatures below 100 °C. Typically, they are composed of bulky, asymmetric cations, often imidazolium-or pyridinium-based, with a wide variety of possible anions, resulting in a distribution of charge that reduces their solidification temperatures and allows many alkyl chain and functional group substitutions. Further, by choosing cations and anions for specific properties, ILs may be tailored to fit process specifications.
Scientific and industrial communities are increasingly more concerned with "green processes," prompting the search for more benign solvents. As ILs exhibit no measurable vapor pressure under most normal operating conditions, they are an attractive alternative to the conventional volatile organic solvents from an emissions standpoint. On the other hand, some
ILs are toxic and have considerable mutual solubility in water, prompting concern regarding aqueous releases, 1,2 and interest in octanol-water partition coefficients for ILs. 3, 4 This represents a particular type of ternary liquid-liquid equilibrium (LLE) problem.
ILs are being investigated for a wide variety of reaction, separation and extraction processes involving liquid-liquid phase behavior. For instance, certain ILs have been shown to selectively extract alcohols from fermentation broths and recover amino acids from aqueous media. 5, 6 Since the number of possible systems involving ILs is enormous, comprehensive coverage of ternary liquid-phase behavior via experimental observation is impossible.
Therefore, it is important to model the LLE of mixtures containing ILs.
The modeling of LLE in general has been widely studied; however, the macroscopic modeling of LLE in mixtures involving ILs is still in its infancy. Experimental binary and ternary LLE data involving ILs can be correlated using standard excess Gibbs energy models.
However, the predictive capability of these models in this context has not been widely studied.
In this paper, we study the effectiveness with which excess Gibbs energy models can be used to predict ternary LLE solely from binary measurements. This is a stringent test of the suitability of various models for describing LLE in systems containing ILs.
Three different excess Gibbs free energy models are evaluated: the NRTL, UNIQUAC and electrolyte-NRTL (eNRTL) models. In the case of eNRTL, a new formulation of the model is used, based on a symmetric reference state. Ternary systems (IL, solvent, cosolvent) exhibiting experimental phase diagrams of various types 7 have been chosen from the literature for comparison with the predictions. Comparisons of experimental and predicted octanol-water partition coefficients are also used to evaluate the models used.
In the next section, we provide a brief survey of experimental measurements of LLE in ternary systems containing ILs, and discuss the correlation of this data using conventional excess Gibbs energy models. This is followed by a discussion of the models studied in this work, including the presentation of a new formulation for the electrolyte NRTL model. Next, in Section 3, the computational methods used in this study are described and several examples are presented in which experimental ternary LLE results, either phase diagrams or octanol-water partition coefficients, are compared to model predictions made solely from binary data.
Background

Multicomponent LLE Data Correlations
Three-component LLE data has been presented for IL/water/alcohol, [8] [9] [10] IL/aromatic/aliphatic, 11-17 IL/ether/alcohol, 18 and IL/ether/water 19 systems. Most LLE data for systems involving ILs are accompanied by correlations based on excess Gibbs energy models.
In most cases the NRTL model is used, though the use of UNIQUAC has also been explored. 20 Data are commonly correlated, as in the above cases, by minimizing an objective function based on the squared differences between calculated and experimental compositions, and in all cases, the six binary parameters needed are fit to the ternary data, usually resulting in a very good representation of the data. 21, 22 However, the binary interaction parameters determined in this way are not unique and cannot be used for prediction of other systems. Models based on binary interaction parameters are most useful when the parameters are determined from binary data and when they can be used to predict the phase behavior of a wide range of multicomponent systems containing those binaries. 23 We are aware of only one study 24 in which binary parameters were used to predict multicomponent LLE involving ILs. Unfortunately, full experimental ternary diagrams were not available for the two systems modeled in that study, so the quality of the predictions from the NRTL equation could not be adequately assessed.
Excess Gibbs energy models for electrolytes have not been used to date for correlation of LLE data in systems containing ILs. Usually these models have been applied to much different situations, primarily to relatively dilute electrolyte solutions that would solidify at higher concentrations under normal operating conditions. Thus, conventional electrolyte models have unsymmetric reference states, with the activity coefficient of the solvent and cosolvents taken to be one when they are pure, but with the activity coefficient of the salt taken to be one at infinite dilution. One popular model is the electrolyte-NRTL model (eNRTL) and its extensions, which have been used to correlate LLE data for a variety of dilute salt/mixed solvent systems. 25, 26 Here
we reformulate the eNRTL model to have symmetric reference states, so that it can be applied to systems containing ILs across the entire composition range. To our knowledge, this is the first time that an electrolyte excess Gibbs energy model has been formulated for and applied to the modeling of multicomponent LLE for mixtures involving ILs.
Excess Gibbs Energy Models
The three excess Gibbs energy models considered here for modeling LLE in systems containing ILs are the NRTL, 27 UNIQUAC, 28 and eNRTL 29 models. The first two are standard molecular models that are described briefly below, along with a discussion of how we have modified the UNIQUAC relative area parameter to permit liquid phase splitting in the systems of interest. The formulation of the symmetrically-referenced eNRTL model is then developed in more detail. Since the computation of phase stability and equilibrium (at constant T and P)
requires an expression for the Gibbs energy of the system as a function of composition, we focus on these expressions.
Molecular Models (NRTL and UNIQUAC)
The NRTL and UNIQUAC models were not originally intended for systems involving electrolytes. Nevertheless, they have been widely used in modeling both LLE and VLE in a variety of electrolyte systems. For example, as discussed above, they have proven to adequately correlate multicomponent LLE data for systems containing ILs. Therefore, we wish to see how these models predict multicomponent LLE data from model parameters estimated from binary data. In these two models, the ILs present are assumed to be completely associated. In other words, each cation is completely paired with an anion, and that pair is considered a single molecular species in the solution. If the reference states are taken to be pure liquids of all species at system T and P, then the total Gibbs energy (per mole of mixture) is given by the molar Gibbs energy of mixing g M , which in this case is
where x i is the observable mole fraction of component i, g E is the molar excess Gibbs energy, R is the gas constant, and n is the number of species present.
The NRTL model 27 generally predicts large heats of mixing, characteristic of electrolyte solutions. For the NRTL model,
exp( )
and
Here g ij is an energy parameter characterizing the interaction of species i and j, and the parameter α ij = α ji is related to the nonrandomness in the mixture (α ij = 0 corresponds to complete randomness, or ideal solution). Though α ij can be treated as an adjustable parameter, we will consider it here to be fixed, so that all of the models compared will have two adjustable parameters per binary. The binary interaction parameters ∆g ij (or the equivalent τ ij ) are estimated from experimental data. When binary LLE data (mutual solubilities) are used for the parameter estimation, which is the case for most of the IL/solvent and IL/cosolvent binaries encountered in this study, then the binary parameters can be determined exactly by using the equal activity 
Here, r i and q i represent a relative volume and surface area, respectively, for component i. We have found that when UNIQUAC is applied to binary systems involving an IL, it often does not permit liquid phase splitting. To allow the application of UNIQUAC to LLE for systems containing ILs, we thus follow the approach of Abreu et al. 30 and redefine the reference species used for determining the relative surface areas q i . Conventionally, this reference is the van der Waals -CH 2 -group, but we have allowed the normalization of q i to be relative to -CH 2 -, water or ethanol.
Electrolyte Model (eNRTL)
We consider now a model that accounts for the fact that ILs are actually electrolytes that can ionize (dissociate) in solution. . Note that for a ternary system containing an IL, this means it is treated as involving four components, solvent, cosolvent, cation and anion. The observable mole fractions are indicated by 
From Chen and Song, 36 a symmetrically-referenced expression for the LC contribution is
Here G and τ refer to local binary parameters related by To obtain a symmetrically-referenced expression for the PDH contribution, we renormalize E* PDH g relative to the symmetric reference state using
where the superscript zero indicates evaluation at the pure dissociated liquid salt. 
where I y is the ionic strength 
A φ is the Debye-Hückel parameter, 35 which depends on temperature and on the density and dielectric constant of the mixed solvent and is given by 3 / 2 2 A 0 2 1 3 1000
where N A is Avogadro's number, d is the density of the solvent in kg/m 3 , e is the elementary charge, ε 0 is the permittivity of free space, ε is the dielectric constant (relative permittivity) of the solvent, k is Boltzmann's constant, and T is the absolute temperature. The closest approach parameter ρ is a constant, whose value will be discussed further in Section 3.6. Mixing rules for the solvent molecular weight M, density d, and dielectric constant ε are
Here eq 26 is exact and eqs 27 and 28 are approximations.
For the case of primary interest here, namely ternary IL(1)/solvent(2)/cosolvent (3) systems, application of eq 19 for the LC contribution generates the following binary interaction parameters: τ 12 , τ 32 , τ 13 , τ 23 , τ 2c,ac , τ 3c,ac , τ 2a,ca , τ 3a,ca , with the indices c = (+,1) and a = (−,1).
Using the electroneutrality condition, together with the symmetry of the underlying interaction energies, it can be shown 29, 36 that τ 2c,ac = τ 2a,ca = τ 21 and τ 3c,ac = τ 3a,ca = τ 31 . Note also that τ 1c,ac = τ 1a,ca = τ 11 = 0 and τ 22 = τ 33 = 0. Thus we have the usual six interaction parameters for the ternary system, two for each of the three observable binary subsystems. These parameters will be estimated based on data from the binary subsystems only. For all the binaries with a miscibility gap, we will use a nonrandomness parameter of 
Assuming the IL to be a 1:1 electrolyte (ν +,1 = ν −,1 = 1) with z +,1 = 1 and z −,1 = −1, the PDH contribution in the eNRTL model becomes
This appears to be the first time that a symmetrically-referenced version of the eNRTL model has been formulated and used.
Results and Discussion
Our goal is to study the effectiveness with which the excess Gibbs energy models described above can be used to predict ternary LLE solely from binary measurements. Thus, there are two main computational problems involved: 1. Parameter estimation from binary LLE or VLE data and 2. Computation of ternary LLE. The methods used for each of these problems are discussed in Section 3.1.
Ternary phase diagrams for six example IL/solvent/cosolvent systems were studied.
There are two Type 1 systems (Section 3.2), two Type 2 (Section 3.3), one Type 2a (Section 3.4), and one Type 3b (Section 3.5). A summary of the examples considered, including the Table 1 . The prediction of octanol-water partition coefficients is also considered for six different ILs (Section 3.6). Note that most IL ternary systems of interest for liquid-liquid separations and extractions are Types 1 and 2.
Computational Methods
Parameter Estimation
Parameter estimation must be done for two different types of binary subsystems: 1.
Binaries with a miscibility gap and 2. Binaries that are miscible liquids at all compositions. In the first case, where two liquid phases are present at equilibrium over some composition range, parameter estimation from binary LLE data is preferred. To do this, we use the method described recently by Simoni et al. 37 In this method, the parameter estimation is done by solving the equal activity equations for the parameters using an interval-Newton technique, 38 ,39 which provides a mathematically and computationally rigorous approach for determining the needed binary parameters. For the case of binaries that are completely miscible liquids, we follow
Anderson and Prausnitz 40 and prefer to obtain parameter estimates from high-quality VLE data at the system temperature. In general, the VLE pressure will be significantly lower than the system pressure for the ternary LLE system of interest, however LLE is typically only a weak function of pressure.
Depending on the type of data that is available, and on other factors discussed below, the procedures used to obtain binary model parameters for the completely miscible binary subsystems may vary somewhat. The parameters are obtained using the following approaches, in priority order. If a suitable set of parameters is not obtained following the first approach, then the next approach is used, and so on, until a suitable set of parameters is found. Our definition of what is not "suitable" is described below.
1. Use published binary model parameters for VLE data at the system temperature. If possible, use parameters from the DECHEMA VLE Data Series. 41 Otherwise use parameters from other publications (as cited in Tables 2-4). 2. Use experimental VLE data at the system temperature and solve the binary equifugacity equations for the parameters using an interval-Newton technique.
This is analogous to what is done for the binaries that exhibit a miscibility gap. 37 3. Use experimental VLE data at the system temperature and obtain the parameters by globally minimizing a least squares objective function of the form
using an interval-Newton technique.
4. If the binary has a miscibility gap at a temperature relatively close to the system temperature (where the binary is completely miscible), use LLE data from the miscibility gap to obtain parameters, 37 and then extrapolate with respect to temperature to obtain parameter values at the system temperature.
The method used to obtain the parameters for each of the completely miscible binaries is indicated in Tables 2-4. For any of these approaches for obtaining the miscible binary parameters, it is possible that the set of parameters found will be unsuitable. In this case, the next approach is tried. A set of parameter values is considered unsuitable in the following cases:
1. If g ij for NRTL and eNRTL or u ij for UNIQUAC is a negative number of large magnitude. This is known 42 to result in a highly distorted and unrealistic Gibbs energy vs. composition surface, whose slope changes sharply near one or both of the pure components. We require that g ij for NRTL and eNRTL or u ij for UNIQUAC be greater than −30,000 J/mol.
If the resulting Gibbs energy vs. composition surface is nonconvex. This situation is
clearly not suitable since we are going to use the parameters to model a completely miscible binary, and nonconvexity implies existence of a miscibility gap.
The resulting binary parameter estimates for all of the binary subsystems occurring in the ternary phase diagram examples are presented in Tables 2, 3 and 4 for the NRTL, UNIQUAC and eNRTL models, respectively. Similarly, Tables 5, 6 and 7 give the binary parameter estimates used in the octanol-water partition coefficient examples. In addition to the binary parameters g ij for NRTL and eNRTL and u ij for UNIQUAC, there are some other model parameters that must be set. These are the nonrandomness factor α ij in NRTL and eNRTL, the closest approach parameter ρ in eNRTL, and the pure component size and shape parameters in UNIQUAC.
For binary subsystems that exhibit a miscibility gap, we begin by setting α ij = 0. In principle the closest approach parameter ρ in the eNRTL model depends on the properties of the electrolyte and on how the short-range forces are modeled. However, for simplicity in practice, it is generally taken to be a constant applicable to a wide variety of salts.
In the development of the eNRTL model, 29 37 found that when using a value of 14.9 there were some cases in which no suitable parameter solution existed for LLE, and thus they suggested using Table 8 .
UNIQUAC requires for each pure component i, a "size" (relative volume) parameter r i and "shape" (relative area) parameter q i . 20 For the solvent and co-solvent species, these parameters were taken from standard sources. [52] [53] [54] 30 chose water as an alternative reference species that allowed parameter solutions to be found. Following suit, we allow either water or ethanol as the alternative reference species. The smallest reference species that resulted in solutions to the binary parameter estimation problem was used; that is, -CH 2 -was tried first, then water if necessary, and finally ethanol if necessary.
Ternary LLE Computation
In computing the ternary LLE, it is important to guarantee that the calculated phase splits correspond to stable phases. To do this, we use the approach described by Tessier et al. 55 This method is based on tangent plane analysis 53, 56, 57 and requires the rigorous global minimization of the tangent plane distance, which is done using an interval-Newton approach, which can find the global minimum in the tangent plane distance with complete certainty. For additional details on the formulation and solution of the phase stability problem in the context of LLE, see Tessier et al. 55 The approach used here differs only in that a somewhat more efficient interval-Newton algorithm 58 is used.
Examples 1 and 2: Type 1 Systems
Example 1 is the system 1-ethyl-3-methylimidazolium tetrafluoroborate eNRTL more accurately predicts the plait point in Figure 1 , while UNIQUAC does a better job in Figure 2 . Based on these examples, we cannot recommend use of NRTL for Type 1 systems, but either UNIQUAC or eNRTL may provide useful results.
Examples 3 and 4: Type 2 Systems
Example 3 is the system 1-ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 
Example 5: Type 2a Systems
Example 5 is the system 1-butyl-3-methylimidazolium hexafluorophosphate are also less important in the realm of liquid-liquid separations. Figure 5 shows the predictions from binary data 8,41,43,60,61 from the NRTL and eNRTL models, along with the experimental ternary data, for the 298 K case. We were not able to apply UNIQUAC for this system since suitable binary parameter solutions could not be found (at any of the three temperatures) for all of the binary subsystems, even using the largest reference species (ethanol) for the UNIQUAC shape parameters. In Figure 5 (as well as subsequent Figures 6 and 7) , there are small discrepancies between the experimental and calculated binary miscibility gaps. This is due solely to inconsistency between the experimental binary data used to perform the predictions and the experimental ternary data used for comparison.
As seen in appears that the eNRTL model may yield better predictions for systems with multiple binary immiscibility gaps and miscible intermediate regions.
Example 6: Type 3b System
Example 6 is the system 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide 
Concluding Remarks
In this work we have evaluated the capability of the NRTL, UNIQUAC and eNRTL models to predict, using binary (and pure) component data only, the ternary LLE of systems containing ILs. We have formulated a new symmetrically-referenced version of the eNRTL model that is suitable for these systems, in which the electrolyte is liquid in the pure state. For the prediction of ternary phase diagrams, none of the models tested was completely satisfactory, especially for the case in which all three binary subsystems have a miscibility gap. However, for other cases, both UNIQUAC and eNRTL provided potentially useful results. A difficulty is that it was not possible in all cases to obtain binary model parameters from the experimental binary data, despite allowing some flexibility in the choices of the NRTL nonrandomness factor, the eNRTL closest approach parameter, and the UNIQUAC shape parameter reference species. For the prediction of octanol-water partition coefficients, the eNRTL model was especially effective, and the other models still provided close to order-of-magnitude estimates, which are sufficient for many purposes. The prediction of ternary LLE from binary data only is known to be difficult, even for systems not containing ILs, and so, in some sense, the predictions obtained were surprisingly good. However, it is clear that none of the models tested fully captures the underlying physical situation, which includes partial dissociation to different extents in different phases. Thus, there remains much potential for improvement in macroscopic models for phase equilibrium involving ILs.
Appendix A
In this Appendix, we explain the development of eq 12, which gives the Gibbs energy for a mixture of electrolyte (salt) species and solvent species. See Section 2.2.2 for the notation and nomenclature used here.
The total Gibbs energy (assuming complete dissociation of salts) can be expressed in terms of chemical potentials as
ln ln ln ,
where the superscript zero indicates a reference state quantity.
For the solvent species, we define the reference state to be the pure liquid at system T and Expressed relative to this reference state, the total molar Gibbs energy (relative to N) of the system is then
Using eqs 13 and 14 for ,i y + and ,i y − in terms of ,i y ± , along with the definitions of ,i y ± and ,i ν ± , this can be expressed as
The excess Gibbs energy contributions in eq A4 are
which appears as eq 12 in the text.
Appendix B
In this Appendix, we explain the development of eq 21, which provides a symmetricallyreferenced expression for the Pitzer extended Debye-Hückel (PDH) contribution to the eNRTL model. See Section 2.2.2 for the notation and nomenclature used here.
To obtain a symmetrically-referenced expression for the PDH contribution, we renormalize E* PDH g relative to the symmetric reference state using eq 20 in the text (renumbered as eq B1 here)
where the superscript zero indicates evaluation at the pure salt limit. From Chen and Song, 36 we have the unsymmetrically-referenced expression 
In determining eq. B3, Chen and Song 36 used a simplification in which the composition dependence of the molecular weight, density and dielectric constant of the mixed solvent was not accounted for in obtaining the partial derivatives defining the activity coefficient. Evaluating eq B3 at the pure salt limit gives 
which is eq 21 in the text.
Literature Cited 9 eNRTL predicts qualitatively incorrect Type 3a behavior.
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